The theory of mechanics of twisted homogeneous filament yarns is extended in terms of fibre angles to the yarn axis. Firstly, the axial strain of an element in a yarn is generally considered in the three dimensional analysis. The axial stress of the element is then examined in terms of each element angle to the axis. From these analyses on, the yarn stress can be discussed as a function of the filament angles to the yarn axis as well as the distribution function for the angles and the filament stress according to the strain. Secondly, in order to confirm the possibility that a yarn stress-strain curve can be computed by knowing the distribution for the angles, some simple mathematical models are applied as general distribution functions for the filament angles in a yarn. Practical yarns are then discussed. As a case study, the prediction of the stress-strain curve of a randomly interlaced yarn, with a filament angle served by the Normal Distribution, is carried out. The theory and computer programs developed here can be used not only to compute but also to predict the stress-strain curve of each particular structure of homogeneous filamest yarns such as the single, the ply, or even the cabled yarn. Numerical and graphical outputs of estimated yarn stresses will be obtained by the input of some experimental data and assumed values.
Introduction
The mechanical properties of a yarn depends on the complex interrelation between the fibre (or filament) arrangement and properties. It should however be possible to predict the yarn stress-strain properties from knowledge of the fibre stress-strain properties if we also know the arrangement of fibres in the yarn. A theory of the extension of an idealized twisted continuous filament yarn was given by Hearle (1) by means of energy methods. The theory derived the essential mathematical equations for numerical computations. And, around the same time, a theory of the mechanical nonlinear property of spun yarns was given by Norota, Kawabata and Kawai (2) (3) on a function of the tensile property of fibres and variables of yarn structure. A mathematical formula in this article was derived to express its yarn structure as the distribution of fiber segments, diameter shrinkage function, yarn twist and the number of fibres in a yarn, on the confirmation with experimental observations and a statistical analysis. However, in ply yarns, cords, ropes, interlaced yarns, yarns with migrating filaments, and so on, the fibres follow more complicated paths and the simple idealized helical geometry is not applicable.
On the other hand, the prediction system on a computer for the yarn stress-strain curve according to given fibre stressstrain curves in terms of fibre angles may become useful not only for estimating the yarn stress-strain curve itself but also for choosing a suitable fibre to get the desired yarn and checking the effects of varying many parameters of yarn structure, and so on. The FORTRAN programs for computing the stress-strain curves of idealized twisted continuous multi-filament yarns, either homogeneous or blended, were develoed by Konopasek (4) . The programs were based on the filament stress-strain curve and the relationship between filament and yarn stress-strain which was given by Hearle (1) .
In the present paper, the geometry of a fibre element with general three dimensional orientation is considered in order to give an extended theory and a computer predictive system. The importance of this generalization is that the yarn stressstrain curve can be computed for any complicated yarn for which the initial distribution of orientation angles can be defined. is considered as shown in Fig. 1 . Let the length 0 U be a fibre segment 1, and OP = x, OR = y, OS = z, <SOU = 8, and <QOP = j3. Both small and large extensions are now considered when the yarn extends and is deformed.
Small-Strain
From a geometrical consideration of the model, we have : l2 = x2+y2+z2 and 2l dl = 2x•dx+2y dy+2z•dz, and dill = x2112.dxlx+y2/12 dy/Y+z2/12.dzlz Therefore, in general Combining (2), (3) and (4) with ( 2.2 Large-Strain When the strain becomes large, the differential analysis of strain geometry can no longer be applied, since it is valid only for small strains. We have 12 = x2 +y2 +z2
We consider that the length l increases in length of with ox, Oy and Oz. (6) combining (2), (3) and (4) with (6) Therefore, in equs. (5) and (7) under the assumptions of uniaxial stress and of equal Poisson's ratio, fibre strains in both small and large strains depend only on one independent variable B that is the angle between the fibre axis and the yarn axis. Table 1 were derived from equ. (8) by introducing the parameter x = r/R. Since complicated yarns concerning here are not axially symmetrical, it is not possible to integrate simply with respect to r. In a complicated yarn, fibres will have various angles o to the yarn axis though they may be grouped into sets. All the fibres with the same angle o will have the same strain according to the strain of the yarn. If, in a given length of the yarn, the fibre with angle 0 has the mass m10, a fibre with angle o will have the mass of m fo 11) is the continuous probability distribution case. Equ. (10), however, is applied for a discrete probability distribution case. In some instances it may be more convenient to consider the yarn as divided up into separate zones, rather than considering separate fibres. When this is done, equ. (8) may be used either directly or with vy-laA(o) = m f where vy = yarn specific volume and aA(o) = element of area of yarn crosssection in which fibre orientation angle is o. Corresponding forms with fractional frequency or integral form can be derived if required.
Discrete and Continuous Probability Distribution of
Angle o By using either equs. (10) or (11), the yarn stress may be expressed as a function of the element angle o to the yarn axis and the fractional frequency F(0) for the angles. The angle o, could vary from 0 to ~r/2 in a yarn. We need, therefore, to know the function F(0) for each variable o.
Naturally, any real textile yarn has a certain number of fibres in its cross-section. Each fibre, also, has some angle to the yarn axis. If we measure the angles of all the fibres and put them in order of angle o, each class interval of angle o should present some frequency. The probability distribution can be presented discretely depending on each class interval of angle o. In this case, we can use either equs. (9) or (10) by knowing the total number of fibres in the yarn cross-section and the frequency of fibres for each angle o. The summation, then, is carried out.
For the yarn which has a large number of fibres in its cross-section, the continuous probability distribution may be applied instead of the discrete probability. In this case, equ. (11) may be used, so that integration can be carried out simply without knowing the actual number of fibres in the yarn cross-section. The result by this way, however, shows a deviation if the number of fibres is not large enough.
Preparation for Numerical Integration
We now need to set up the various terms in equ. (11) in order to compute the yarn stresses according to the yarn strains. The variable o varies from 0 to the maximum angle a. The fibre stress f f is a function of fibre strain s f, and can be taken from an experimentally determined fibre stress-strain curve. The partial differential of r f, 6E f/90, in equ. (7) can be derived as follows :
as -1+01
where the yarn Poisson's ratio A is usually assumed to be 0.5, which is an approximation to constant volume deformation; this gives reasonable predictions, but other values can be substituted if they seem more likely. And the density function F(0) is the fibre angle distribution in the yarn, depending on its model. Only the data a, A, f r, and F(0) are, therefore, required to do the numerical integration of equ. (11). The input and output for prediction of yarn stress-strain curve are shown in Fig. 2 . All the programs are written in FORTRAN IV programming language. The main computations are carried out in a group of MASTER ROUTINE and SUBROUTINE, which are supported by another group of five mathematical subprograms. The third group is for graphic output.
Case Study
On the theory concerning here, the problem in any particular case is reduced to a problem of the geometry of the undeformed yarn. As a case study, the prediction of the stress-strain curve of a randomly interlaced yarn, with a filament angle served by the Normal Distribution, is carried out.
If the standard deviation and the mean of the normal distribution of the filament angle distribution can be obtained from the result of some actual experiments or from rough estimates, the particular structural analysis of the filament angle B in the yarn may not be necessary. The predicted stress can be calculated without any particular angle analysis for its own yarn structure but just simply on the assumption that angle d is the continuous random variable of which the probability distribution is normal. The density function of the normal distribution is generally defined by 1 -(e-p)2/2U2 F( 8) = 2j Q e ............ (13) Therefore, on the assumption that the Normal Distribution can be applied to the expression of randomly distributed angles in an interlaced yarn, the result of the stress-strain curve is possibly computed simply from only a few input data as shown in Table 2 . An output example for these is shown in Fig. 3 .
Conclusion
The axial strains of a yarn and fibres were generally considered in the three dimensional analysis. The axial stress was then examined in terms of each fibre angle to the yarn axis. From these general analyses, the yarn stress could be successfully discussed only as a function of the fibre angle d to the yarn axis and the distribution function F(e) for the angles. This theory can be applied to any yarns as a predictive method. A practical interlaced yarn was then discussed in a case study. The filament angle distribution in a randomly interlaced yarn was assumed to be the Normal Distribution. The computer programs developed here can be used to predict the stress-strain curves of any particular yarn structure. Numerical and graphic outputs of estimated yarn stresses will be obtained by the input of some experimental data and assumed values. If we are interested in a load-elongation curve rather than a stress-strain curve, the predicted S-S curve simply becomes a load-elongation curve by a change of units, without effecting the shape of the curve.
Finally, these computer programs are useful not only for textile yarns but also for twisted multi-wire ropes, and other twisted yarn-like structures. It is, sometimes, difficult to measure in practice a stress-strain curve of a specimen of 
